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A Study on the Economic Analysis of Disaster Safety Costs by

the Water—Bulwark System against the Tunnel Fire
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Abstract

This study attempted to analyze the comparative advantage in terms of disaster safety costs in verifying

the effectiveness and economic feasibility of the high—performance water—bulwark system in the pole

tunnel, which was recently promoted as a part of the acceleration of vehicles. The tunnel to be analyzed

was divided into a short tunnel(Anyang, Cheonggye) and a long tunnel (Suraksan, Sapaesan).

As a result, it was analyzed that 25% of the improvement effect would occur if one lane was secured by
applying the Water—Bulwark System. It was analyzed that this is because the time value cost, which
accounts for a large proportion of the traffic congestion cost of short tunnels and pole tunnels, differs
depending on the congestion time and traffic volume, not the length of the tunnel.
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<Table 1> The Traffic Acci. in Tunnels(2019—-2021)

[1;;2 Dis. |week| Destrict |Type of Accid.| Violation
s || e | SOV v, Colls dijé“s‘;fte(fy
2010 | | 0| Vomg ey | VehPer, et | Specding
50650 o Tue SS(;rrllgg__Jf;fn Veh—Veh, etc | signal viola.
;\ga;d Thu Wé’s;\g‘;“ Veh—Veh, Collis. di?éurszfteffy
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%Z:; Dis. |week| Destrict |Type of Accid.| Violation

Sep. Tue Sinsa, Only Veh, ‘ Eailure to

2020 Eun—pyung | Workpiece collis.| drive safely
Nov. Fri Gu-ro, Only Veh, F_ailure to

2020 Guro—gu Rollover drive safely
Nov. Fri Sinrim, Onl.y Veh, . F_ailure to

2020 Gwan—Ak |Workpiece Collis.| drive safely
Feb. Sun Sang—Gye, Only Veh., . Speeding

2021 No—won | Workpiece Collis.

July. Sat Myun—mok Onl.y Veh, . nglure to

2021 Jung—Rang |Workpiece Collis.| drive safely
Jan. Sat Cho—Wol, . Veh—Yeh, nglure to

2019 Gwangju—si Collis. drive safely
05| | T | Son | O VM e sty
May Sat Ckllung—gy(.e Vgh—Per, Fgﬂure to

2019 Uiwang—si |Working in road| drive safely
Dec. Tue Byul—na(?, @y Veh, N Fgﬂure to

2019 Namyangju | Workpiece Collisi.| drive safely
o015 ] ™ | Namwaan| % V0 | i e
June Mon Gyo—.mu‘n, Veh—Yeh, Eailure to

2020 Guri—si Collis. drive safely
July. Thu Jang—an, Only Veh, ' Eailure to

2020 Su—won | Workpiece Colli.| drive safely
Aug. Sat Bundang, Onl}./ Veh, ' Eailure to

2021 Sung—nam |Workpiece Colli| drive safely
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[Figure 1] Example of Fire Scenario for Road Tunnel
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<Table 2> One—way traf

Tunnel Extension Roadway
Tunnel Upward | Down(count | Width number
(clockwise) | erclockwise) (one—way)
Cheong—gye 450m 550m 17.6m 4way
An—yang 390m 390m 17.5m 4dwayf
Sapae—san| 3,993m 3,997m 17.6m 4way
Surak—san| 2,950m 2,950m 17.6m 4way
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<Table 5> Calculation of the time value of disaster safety using

existing fire equipment

<Table 3>= WEFYRAFA AN AlFE =
% HlolHE 7INEe® FFAIQ] 8A~9A] TAIRE ERke
71502 3 3lo]al, <Table 4> HFARE EY o 4
& e ek Zlolnk
<Table 3> Traffic volume in the tunnel
Daily traffic volume (vehicle/day)
heav
Tunnel a car | bus f;ﬂj{l —dutzf iiﬁii total
truck
(heang—gye | 146,843 | 3,993 | 27,242 | 4,685 | 773 |183,536
An—yang | 134,503 3,642 | 25,369 | 4,355 | 713 |168,582
Sapae—san | 94,081 | 1,837 | 26,171 | 7,456 | 663 [130,208
Surak—san | 65,184 | 2,529 | 23,692 | 7,076 | 2,150 |100,631

=

* FA L AEFYRAT ALE

<Table 4> One—way traffic volume at the peak time in the tunnel

Upward traffic volume at the peak (vehicle/hour)

B heav
T small Y1 large
a car | bus —duty total
truck truck
truck

Cheong—gye| 5,572 | 155 | 679 150 32 6,588

time value by car type(million won/hour)
delay
Ve | . heavy
tunnel ehh) time b small | i large total
(i) acar us truck . truck 0
truck
Cheong 15 | 21.87 | 3.64 | 292 | 0.65 | 0.14 | 29.22
—gve |6588| 20 [29.15| 4.86 | 3.89 | 0.86 | 0.19 |38.94
(450m) 95 3646 6.07 | 4.86 | 1.08 | 0.22 [48.70
15 [ 18.31] 3.08 | 244 | 053 | 0.12 | 24.48
An-yang
(90m) | 5515 | 20 | 2441 ] 411 | 3.25 | 0.72 | 0.15 | 3265
25 13052 5.14 | 407 | 0.89 | 0.19 | 40.81
Sapae— 15 (1262 1.49 | 3.85 | 1.10 | 0.10 | 19.17
san |4453| 20 | 16.83] 1.96 | 5.12 | 1.46 | 0.14 |25.51
(3993m) 95 121,04 | 243 | 6.41 | 1.84 | 0.17 | 31.89
Surak— 15 | 11.49| 2.71 | 457 | 1.38 | 0.41 |20.56
san [4520] 20 [15.32| 3.55 | 6.10 | 1.82 | 055 |27.35
(2.950m) 25 [19.15| 4.48 | 7.62 | 2.29 | 0.69 |34.23

An—yang | 4,665 | 131 | 568 125 26 5,515

Sapae—san| 3,215 | 63 895 256 24 4,453

Surak—san| 2,927 | 114 | 1064 | 318 97 4,520
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sto] B9 La)7710) B3} wEeky} BA A Bld o), (min) | (veh/hour) | total | value |expenses
o) 2 Tk olgaiginh. 1 A3 el e gL Sapre-sen —— S
. 9 4,45 4. 9551 | 9.44
<Table 6>} 2] 390me) HFEIIRT} 450me] HAE] (3,993m) |0 | 443 | 95 L 2ol | 9
Yo] 357 3] olol FolEldR) 2950me] FepiEd, 9 = RN
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A AR 3,993me] ApsjAtede] ZHE l‘f% Long | Srak=san 57y son (3061 | 27.35 | 7.06
(2,950m) ’ : : :
2% 4149 | 3423 | 7.26
<Table 6> Calculation of operation expenses of disaster safe 15 56.43 | 39.73 16.7
using existing fire equipment sub—total 20 8,973 69.56 | 52.86 16.7
ad operating expenses by car type (million won/hour) 25 82.82 | 66.12 | 16.7
€13
- heavy— 15 112.85 | 9343 | 19.42
tunnel | time acar | bus sl dut e total sk 5
() — V| ek 7 20 | 21,076 | 14387 | 12445 | 1942
truck 2% 175.05 | 155.63 | 19.42
Cheong | 15 | 1.31 | 0.06 | 014 | 005 | 001 | 157 3 7 10538 | 14392 | 12450 | 19.42
—gve | 20 | 131 [ 006 ] 014 | 005 | 001 | 157
(450m) 25; 131 | 006 | 0.14 | 005 | 001 | 157 3.2.2 ]G3 ARSI A B (Water—Bulwark
1R 09 [005] 010 | 004 | 001 | 115
- ~ o] At qkAn
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Sapae— | 15% | 672 | 023 | 165 | 074 | 010 | 944 2 dyelde AR e BHE SR AE
san | 20%| 672 | 023 ] 165 | 074 | 010 | 9.44 (Water—Bulwark System) A3MdB]E o]-g3hd Bd
(3993m) | 25% | 672 | 0.23 | 1.65 | 074 | 010 | 9.44 9] A} B FIHS SR E 5t 9l EAS Z2ta Q)
Surak— | 15% ] 452 | 031 | 145 | 068 | 030 | 7.26 o} whepa] B atell ] AR 47) Elgo] B]Y szt
san | 20% | 452 | 031 | 145 0.68 0.30 | 7.26 A 2<#l (Water—Bulwark System) Z3Pdn]E o]g23F
2,950m) [ 955 =
(2,950m) | 25% | 452 | 031 | 145 | 068 | 030 | 7.26 Ao Eaxlw 7] Tl 07 A2 shnsle] Aeke] &
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<Table 7> Total cost of disaster safety using existing fire

facilities
delay | the using the existing fire equipment
tunnel time Volume | sub— | time |operation
(min) | (vel/hour) | total | value |expenses
G 15 30.79 | 29.22 1.57
COIBEYET™ 00 | 6,588 | 4051 | 3894 | 157
(450m)
25 50.27 48.7 1.57
A 15 20.63 | 24.48 1.15
Short| 0 Y8 o0 5515 | 338 | 3265 | L5
(390m)
25 41.96 | 40.81 1.15
15 56.42 53.7 2.2
sub—total 20 12,103 | 74.31 | 71.59 2.72
25 92.23 | 89.51 2.72

o] 7FestAl ek 1 A elM = TR 17 Ak &
B A ST 4/12 B e SR FIRiths
714 alell Fhage] 3/40] vt SR A 9} -3

HIE APl <Table 8> B Wl F3Ak= 17 A
= AE A I gA v AP 1R B e WA
TS BE SIhERe /48 A8ato] AMgEgict

<Table 8> Analysis of traffic volume when securing one lane
of a roadway

upward traffic vlolume at peak time (vehicle/hour)

tunnel small heavy—

a car bus
truck iy
truck

large

truck i

Cheong—gye| 4,179 | 116 509 113 24 4,941

An—-yang | 3,499 98 426 94 20 4,136

Sapae—san| 2,411 47 671 192 18 3,340

Surak—san| 2,195 86 798 239 73 3,390
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ko) A 2 AR, AR 1) A2 8
B A RS 83I9ink 17) 22 A2 FRA At
A FHARTEA A gl w2 BEe] Y
AZEA 9] o] & Ao w EAHT FEAkR 1 &
B Al AR SAIRIA 9] 32 71E Ashb] sk
215t Al AP AR SBAI A 2] FEct 22 A
o % @AEo] o= TAAE 1) A= T Al AR
o] THOoE 3l 7|E AsPdn] SRt Ale] nlEl A
WwEFo] A7) wEl Fow FA Tk

<HY a5 tE YUgkd ERAE] 270>

FAEE > kMY > FERIEY > AREY
<ApdeEd BIAZERA 27D

AAEE > kMY > FERIEY > AR Y
718 A318n] AR Al Ak SRR > B3 242
122 &1 A] Adebd P71

@ Aderd -3u)E

WEGAE BAst] AbAlY SR A7 TSR
10km/h ofsl= -&skaL Qlvk= 71 shell ARt 5
b ti7IAFREe] e-3HlE APkl

M =EE mlel o] Ao aH]= <24-2>9)
22 A2 Egslo] Bl W 3R] A as
I 2TV g, 23n] o Tl ol 8SiSit 23]
2373t <Table 9>8}F o] 7IE SHAIAEHIE o] 8-38h=
73BTt A Afgo] Ao] 2-3u|7} v 430w,
A EA T BIEC] Aolol wht 2-23n] Ajol7h ekt
Ej2o] o7} A= 3u]go] A AP H

<AAZ) WE A Pu]g>

158=208=25%
<HY ol w& Auekd 23hulg 7>

AR > SRR > ARG > leked
<aEFo) WE Adkd e3u|E P

AR > FEREY > AAEY > ek d
71& &3MdH] AR A Aderd 3884 > SAXE 1A
A2 BH A Ak 34§

<Table 9> Calculation of Disaster Safety Operating Cost using
Water—Bulwark System in case of one lane withing the tunnel)

A5 0 ()

delay
tunnel | time small SR large
(min) | @ €& bus fruck duty truck total
truck
15 1071 | 003 | 0.08 | 0.03 | 001 | 0.86
An=yang 7000 71 0,03 | 0.08 | 0.03 | 001 | 086
(390m)
25 | 071 003|008 | 003 | 001 | 086
15 | 504 | 017 | 1.23 | 056 | 0.08 | 7.08
Sapae—san - -
(3.993m) 20 | 5.04 | 017 | 1.23 | 056 | 0.08 | 7.08
25 | 504 | 017 | 1.23 | 056 | 0.08 | 7.08
S 15 ] 339 | 023 | 1.08 | 0.51 022 | 543
urak—san
(2.950m) 20 | 339 | 023 | 1.08 | 051 022 | 543
25 | 339 | 023 | 1.08 | 051 022 | 543

* AR5 L] =B g7 o] (km) X 25H AIRFLgE(dl/A]) x
A 3u] o 9] (10km/h)

@ AAFHn]g-

B =RojlA Aeslt Water—Bulwark System2 28
sk 749, BY U B3R 1) A= R A] Adelbd
A]E-2 Bld Wl ARE 18l wE g A7E whAyste] Alar
2] &7 A7 B85 5 10km/h o]k 233kl Q)
Uh= 71 3fell <Table 10>3} Zo] A <t 7]
S| 3uE BlE ] tiuRlE 17 2R gR AL Ad
Hdn|8-& AFYERSItt.

<Table 10> Total cost of disaster safety when secured by one

lane in a tunnel (Applying the Water—Bulwark System)
(3 - a/AIZD

A ] (/)

delay
tunnel | time b small hzaiy_ large total
(min) [ @41 P ek | MY ] truck |
truck

151098 | 005 | 0.11 | 004 | 001 | 1.19

Cheong=gve =0 66T 005 | 011 | 0.04 | 001 | 119

(450m)

delay secured one pass—way
tunnel time | Volume . operation
: sub—total |time value
(min) | (veh/hour) expenses
Cheong— | 15 23.07 21.88 1.19
gye 20 4,941 30.41 29.22 1.19
(450m) | 25 37.63 36.44 1.19
A 15 19.25 18.39 0.86
Short | “H YA Ton | 4136 | 2534 | 2448 | 086
(390m)
25 31.45 30.59 0.86
15 42.32 40.27 2.05
sub—total | 20 9,077 55.75 53.70 2.05
25 69.08 67.03 2.05
oo 15 21.47 14.39 7.08
eS| 3340 | 2625 | 1917 | 7.08
(3,993m)
25 31.05 23.97 7.08
Surake 15 20.79 15.36 5.43
Long | a8 To0 1 3390 | 2599 | 2056 | 543
(2,950m) — —
25 31.1 25.67 5.43
15 42.26 29.75 12.51
sub—total | 20 6,730 52.24 39.73 12.51
25 62.15 49.64 12.51

25 1098 | 005|011 | 004 | 001 | 119




136 HY JAFGAAE Yol w2 A kA8 g-] AR B 47 LR
delay secured one pass—way AP AREA] 182 Hd dol= 2] F3el $l
tunnel time | Volume . operation 3, BlE U9 wEgo] 34 IS njx= Ao 7 BA
. sub—total | time value
(min) | (veh/hour) expenses e} a2 0 0] LL V)= An7 A1 A AA
15 8458 | 7002 | 1456 A o)A E Water—Bulwark System©] §87¢1 A
Total 20 | 15807 | 107.99 93.43 14.56
o5 BAHIT}
25 131.23 116.67 14.56 e i
Average 7904 | 10793 | 9337 | 1456 Ao anlg 4 AreAs AR 15
- 208 - 25 BT 71 Asldn] 9} Water— Bulwark
3.3 24E System®] BHAE 17 22 20 A9} 2o Ao

APAREA AZE7EA] 1]-8-5 #41$F A7} <Table 11>$}
o] FTAET} gl 71 Asan] o] FAAZR 16+
BT} 20+t0] 41, o] Hithl= 2519 glo] ¥ & Zlo=
Uehta 71E 2sdulel BHY SARga A
(Water—Bulwark System) 2] E3§x}= 17 2= &1
Al ANZES 154 < 204 < 25%-2] glol o] & Zlo7
A= ST

<Table 11> A Comparative analysis od disastrer safety cost
between Two systems

disaster safty
operation cost

disaster safety
time—value cost

delay time (min) 15 (20 (25 15=20=25

the longer, the bigger
An—yang(390) <Cheo
ng—gye (450)
(Surak—san(2,950)

tunnel length(m) length irrelevant

ex1§t1n {Sapae—san(3.993)
g fire ;
fcilities more volume, more bigger

(0 it is

tunnel traffic volume| cheong—gye(6,588))

traffic ;
(vehicle/hour) An—yang(5,51)

volume irrelevant

lanes)
Surak—san (4,520) )
Sapae—san (4,453)
average cost size
(a million won/ 143.92
hours)
delay _ _ _ _
. ! 15 <20 <25 15=20=25
time (min)
the longer, the bigger
runnel An-yang(390) {Cheo
length(m) length irrelevant ng—gye (450)
. (Surak—san(2,950)
securi (Sapae—san(3.993)
Water -
_ ng more volume, more bigger
one— ) it is
Bulwark
S pass tunnel trfflg Cheong—gye (4,941)) .
ystem way volume (vehi volume irrelevant
Y1 defhow) An—yang(4,136) >
Surak—san(3,390))
Sapae—san(3,340)
average Ot existing fire facilties (14392) )
size .
(a million securing one—pass way (water—Bulwark
won/ hours) system) (107.93)

Uepstor, Bl Zo)o] #Alell= Baatzr) Qs 71E
238141) 9} Water—Bulwark System?] 3312 17§ 2}

= g6 A BT Y o7t Ags 2 S v
Ao I 53 B wEst Hd dole] w)
oM= F3AETT §le 71 AsHdn] 9} Water—Bulwark
System®] 3} 17)] 22 gRsk 49 25 Bd do|7t
71 el do] Adebd f-8n]-go] & R 0% YERiT]
ERE o gl APAREd 3|8 A7]= 7] asdn] vt
A F1, tRS-0 7 EaAE 17) 2p2 R ur} oke-o
2 A=

4. A& 9 F5IA

4.1 2&

=

F A 2022 1297 A9 oy 9l <t
dejol] et HE (SHA ) 2 A A 4 <l
el et HE (@A) 9 kel HE 1S o
o 3kt AN Rr] Fo -0 2= AUAIAY FH
HEol| A ] 5915 A & S 2 A
AR AL 58 71E s AEES] A s e
Al A= A=) 7Y 2 9 izt o o]
=AM slolw 71 A=) A Bl e
&l A2 SPAIAEIS] 8] o5 A3t Zloln, o]=
Ao s oiv] BA S 13 5 Qe d3=E Ad=E
Zlott,

ojol] wh} 2 AFrelM= FHE 2] ussle] dgkow
FRER FOEdelA ] IAE  SARGAIAE
(Water—Bulwark System) 2] 7]& A|AH tiv] a3} A5
¥} Z3APdel sl AP v]8-2] Fdelx] 1 vlw 9=
wAStAE SRQleE B3 o] =72 Water—Bulwark
System 7ol st 7] +=2] S50 Sl AR
AR BFde EEstaat skt

A Ay 24 o BES A Bl (QRRFEE 390m,
AR 450m) 7 FoE E (e E 2,950m, ARt
Bl 3,933m) & -5t} 7h avkE ST A e

b

e A 2

roojm ©
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<Table 12> A Comparative analysis of improvement effects(secured one—pass lane)

delay existing fire facilities Water—Bulwark System Improve
Tunnel fime O sub—total | time—value Upeing) vers sub—total | time—value Operating | - effect
(min) | (veh/hour) cost | (veh/hour) cost (%)
15 30.79 29.22 1.57 23.07 21.88 1.19 25.0
Oq(TEr)%r—ng)ye 20 6,588 | 4051 38.94 157 | 4941 | 3041 29.22 119 | 249
25 50.27 48.7 1.57 37.63 36.44 1.19 25.1
15 25.63 24.48 1.15 19.25 18.39 0.86 24.9
An=yang [0, 5515 | 338 32.65 115 | 4136 | 2534 24.48 086 | 250
Short | (890m) ——
25 41.96 40.81 1.15 31.45 30.59 0.86 25.0
15 56.42 53.7 2.72 42.32 40.27 2.05 25.0
sub—total 20 74.31 71.59 2.72 55.75 53.70 2.05 25.0
- 6,052 4,539
25 92.23 89.51 2.72 69.08 67.03 2.05 25.1
average 74.32 71.6 2.72 55.72 53.67 2.05 25.0
15 28.61 19.17 9.44 21.47 14.39 7.08 25.0
Sapae—san[ . | _—

(3.993m) 20 4,453 34.95 25.51 9.44 3,340 26.25 19.17 7.08 249
25 41.33 31.89 9.44 31.05 23.97 7.08 249
15 27.82 20.56 7.26 20.79 15.36 5.43 25.3

Surak—san [ - - -
20 4,520 34.61 27.35 7.26 3,390 25.99 20.56 5.43 249

Long (2,950m) 1 —
25 41.49 34.23 7.26 31.1 25.67 5.43 25.0
15 56.43 39.73 16.7 42.26 29.75 12.51 25.1
sub—total 20 69.56 52.86 16.7 ~ 52.24 39.73 12.51 24.9
—— 4,487 3,365

25 82.82 66.12 16.7 62.15 49.64 12.51 25.0
average 69.60 52.90 16.7 52.22 39.71 12.51 25.0
average sum 5,270 71.96 62.25 9.71 3,952 53.97 46.69 7.28 25.0

AR IA A E (Water—Bulwark System) & 4-8-5}¢7
FAAE 1) ARE TR Fe, 25%2 AN et
sk Ao FAEI o] A ke Bdy Adied
o] W FAWE T & HlSE Ak AREA] vlE=-
39| dol7} opufe} FAAZI wge] whef xfo] 7}
Hgehy] wiEql Aow FAE G

T3 Water—Bulwark System 28319 %7] 3}
29 Al AP d3E w3 SHelM= F3AkE 10 &
H oA 7k 1,622999 A7t 5a9E & F s o=

HAF QI Th
4.2 F5IA|

S 71 AsHdn|g AlEA e Water—
Bulwark System?}te] &5 Sal 35 8 -7}
= tiE Bl Wl shAatar A A FElE HAssH
st B | 218t A0 = - =l A] AAsE H
gl 1719 43 SaAEE SRS wE 7PYst Zo]
t}. o]elel = Aoz, 271 A= SR 52 F7} it
o] vl A4S Bl o ekdstal 8491 Ed U &~

il

o

shan|e s Fg F vt 9l

Zot,

5. References

[11 M. Son, J. Cheon, Y. Cho, B. Kim(2023), “Review
of fire resistance evaluation and fire resistance
method of concrete segment lining for fire in tunnel.”
Journal of Korean Tunnelling and Underground
Space Association, 25(2):121-1309.

[2] J. Park, Y. Yoo, Y. Kim, B. Park, W. Kim, S.
Park(2019), “Development of remote control
automatic fire extingushing system for fire
suppression in double—deck tunnel.” Journal of
Korean Tunnelling and Underground Space
Association, 21(1):167-175.

[3] H. Kim, J. H. Lee(2017), “Scenarios for effective
fire fighting operations during tunnel fires.” Korean
Institute of Fire Science and Engineering, 31(5):
167-175.



138

ElE SARIGAIAR 0 wE A Q8] BA BY AT

[4]

K. H. Park, J. O. Yoo(2012), “A study on use of
quantitiative risk analysis on life safety performance
for the effect of fixed fire fighting system at road
tunnel fires.” Journal of Korean Tunnelling and
Underground Space Association, 14(12):1—-22.
J. Park, C. Shim(2017), “Quantitative risk analysis
for railway tunnels.” Journal of the Korean Society
for Railway, 20(3):400—412.

Ministry of Land, Infrastructure and Transport
(2015), A study on the establishment and
management guidelines for road tunnel disaster
prevention facilities. Korea Tunnel Subterranean
Space Society.

Ministry of Land, Infrastructure and Transport
(2017), Traffic statistics tear 2017 (Traffic survey
analysis results). TMS Traffic Volume Information

A2 270

[10] S. Lee(2018),

Provision System.

Y. Kim(2014), “A study on the problems and
improvement measures of road tunnel firefighting
facilities.” Master's thesis, Department of Fire and
Disaster Prevention Engineering at Gachon
University. pp. bb—74.

K. Lee(2019), “A study on the analysis and
evaluation of micro—traffic characteristics through
analytical model development of highway tunnel
section.” Doctoral dissertation, Department of
Construction and Transportation Engineering at
Ajou University. pp. 71—86.

‘A study on the effect of
reinforcement of upper limb on the relaxation height
of tunnel.” Doctoral dissertation, Civil Engineering
at Dongui University, pp. 54—63.



